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Exposure of unencapsulated thin-film transistors ͑TFTs͒ made with semiconducting polymers to the ambient environment is known to degrade their electrical performance. [1] [2] [3] [4] The degradation has typically been attributed to the presence of oxygen 1, 4 and water. 3 Although in finished electronic devices polymeric TFTs will be encapsulated, it is important to understand the intrinsic effects of absorbed impurities. We present here a study of the impact of water absorption on the electrical performance of TFTs made with poly͓5,5'-bis͑3-dodecyl-2-thienyl͒-2,2'-bithiophene͔ ͑PQT-12͒.
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Most organic polymers adsorb small molecules from the ambient vapor phase, e.g., water or volatile organics, in relatively large quantities ͑10 20 to 10 21 molecules/ cm 3 ͒ ͑Ref. 6͒, when compared to the density of states in electronic devices ͑10 22 cm −3 ͒. Impurities that are well-below readily detectable concentrations can potentially have a large impact on device performance. Most data on the diffusion of environmental species, such as water, in polymer films are for films with thicknesses in excess of 1 m, a relatively large value compared to the thickness of the semiconducting layer in a TFT ͑Ͻ50 nm͒. Recent studies have shown that interfacial effects can play a strong role in the absorption of water in thin polymer films suggesting that measurements should be made on surfaces that most closely resemble the configuration in actual devices. 7 Due to its large dipole moment and electrochemical reactivity water is expected to affect charge transport in organic TFTs. 2 Indeed, gate bias stress in polythienylene vinylene-based TFTs has been shown to increase during operation under humid environments. 3 The field-effect mobility of several molecular organic semiconductors has been shown to decrease with increasing humidity. 8 Hoshino and co-workers 9 attempted to separate the effects of oxygen and water on the performance of poly͑3-hexylthiophene͒ P3HT-based TFTs. They observed that water increased the off-state conduction and caused a lack of saturation in the output characteristics of TFTs with an initial mobility of 1 ϫ 10 −4 cm 2 / V s formed on bare SiO 2 dielectrics. The effects of humidity on organic TFTs with polymeric gate dielectrics have also been studied; but in these cases, it is difficult to disaggregate the contribution of water in the semiconducting layer and in the dielectric. 10, 11 We have studied the effects of humidity on the operation of PQT-12 TFTs with an inorganic gate dielectric. 12 All of the TFTs studied here were fabricated in the coplanar geometry on glass substrates using photolithography. The dielectric layer was a plasma-enhanced chemical vapor deposited SiO 2 /Si 2 N 3 dielectric stack ͑C =28 nF/cm 2 ͒. The source and drain contacts were made of gold ͑2000 Å͒ with a chromium adhesion layer ͑30 Å͒ and were patterned using wet etching. A self-assembled monolayer formed from octyltrichlorosilane ͑OTS͒ was applied to all dielectrics using previously reported procedures. 13 PQT-12, ͑Ϸ30 to 50 nm thick͒ was deposited by spin coating and was thermally annealed at 120°C. Current-voltage characteristics of the PQT-12-based TFTs were measured using both continuous and pulsed gate bias measurements in the dark. All of the devices tested were exposed to different ambient environments at room temperature in a home-built flow chamber. Nitrogen gas was humidified by bubbling through a water bath and could be controlled within ±5%. Current-voltage measurements were acquired for three to four TFTs on the same substrate; the mobility varies ±5% device-to-device and ±20% substrateto-substrate.
Measurements of the transfer characteristics of PQT-12 TFTs exposed to different relative humidity ͑RH͒ environments for 30 to 60 min showed that the extracted mobility is influenced by the timescale of gate bias. The extracted parameters of TFTs measured under dry nitrogen were nearly identical when measured using a pulsed gate ͑width Ϸ100 ms͒ and with continuous application of the gate voltage ͑ linear = 0.03 cmV T = −5 V, but a different mobility linear = 0.024 cm 2 /V s. Continuous gate measurements showed a reduced apparent mobility ͑ linear = 0.016 cm 2 / V s and V T =−3 V͒, and a curvature in the characteristic at high gate voltage, a sign of gate bias stress. The off-current was relatively unaffected by humidity, but signs of a shift in the onset voltage were observed ͓Fig. 1͑b͔͒. Figure 2 shows the mobility extracted in the linear regime using measurements of the current Ϸ20 ms after application of the gate voltage. The decrease in mobility was nearly linear from 0 to 70% RH and the absolute decrease was Ϸ60% at high RH. The change in mobility was reversible upon removal of the humidified atmosphere and purging under dry nitrogen for 4 h or longer at room temperature.
The difference in results between continuous and pulsed measurements is easily reconciled because they suggest that carriers are being trapped on a timescale that is somewhere between the duration of the gate bias both measurements ͑total time of applied bias is Ϸ30 s for continuous measurements and Ϸ1 s for pulsed measurements͒. Figure 3͑a͒ shows the channel current at fixed gate voltage over time at different humidities; these data demonstrate that the rate of decay in current at a fixed gate voltage increases with increasing humidity. This decay in current is attributable to trapping of carriers into immobile electronic states. This hypothesis is supported by the measured shift in the threshold voltage after biasing at a fixed gate voltage and a constant mobility. The carriers are reversibly trapped at short times; for a constant shift in threshold voltage, ⌬V T Ϸ −4 V ͑times of 1 to 30 s depending on the ambient͒, the trapped carriers released in Ϸ100 s at all humidities that were studied.
Similar to a previous analysis of charge trapping in PQT-12, current transients were measured at a several gate voltages and humidities to characterize the dependence of the decay in current on charge carrier concentration.
14, 15 The rate of change of the carrier concentration ͑dN / dt͒ was measured at short time ͑Ͻ40 ms͒ by extracting the change in threshold voltage from the measured current and calculating the aerial density of the trapped charge using the gate capacitance. For devices measured under a vacuum, it was found that the trapping kinetics are approximately second order with respect to hole concentration suggesting the presence of bipolaron traps in these materials. 14 The trapping kinetics remain second-order under humidified atmospheres and the rate constant for formation of the bipolaron increases nonlinearly with increasing ambient humidity ͓Fig. 3͑b͔͒.
To best interpret these experiments, it is important to know the concentration of water in the carrier accumulation layer of the device. We have measured the mass uptake of water into these films using a quartz crystal microbalance method. 7, 16 PQT-12 films were spincoated on quartz crystals with an OTS-coated layer of SiO 2 and the absorption of wa-FIG. 1. ͑a͒ Linear regime transfer characteristics of a PQT-12 TFT under dry nitrogen ͑solid line͒ using continuous gate measurements, 45% RH in nitrogen ͑dots͒ using pulsed gate voltages, and using continuous application of the gate voltage ͑triangles͒. The source-drain voltage was −5 V. ͑b͒ Logscale plot of transfer characteristic in ͑a͒ under dry nitrogen ͑line͒ and under 45% RH ͑triangles͒.
FIG. 2.
Linear regime field-effect mobility as a function of RH in nitrogen measured using pulsed gate voltages with the current measured Ϸ20 ms after the beginning of the gate pulse. ter was measured under flowing humidified nitrogen ͑see Fig. 4͒ . The mass uptake is nearly linear with increasing humidity and is Ϸ2% by weight at the highest humidity tested ͑100% RH͒. The timescale for saturation of the film at a given ambient is shown in the inset and is Ϸ60 min, which correlates well with the observation that devices immediately measured in ambient after thermal annealing under dry nitrogen show little bias stress. From these data, we can estimate the number of water molecules relative to the number of carriers in the accumulation layer. This analysis is inherently qualitative because we must assume that the water is uniformly distributed in the film, both through the thickness of the film and in both laterally through crystalline and disordered regions. If we consider the case of relatively high carrier concentrations, at V G = −30 V with a gate capacitance of 30 nF/ cm 2 , the induced carrier concentration is Ϸ5.6 ϫ 10 12 carriers/ cm 2 . These carriers are confined with Ϸ1 nm of the surface of the gate dielectric. At Ϸ100% RH the film contains Ϸ70 ng/ cm 2 of water in a film that is Ϸ30 nm in thickness; assuming that the water is uniformly distributed in the film, the concentration of water in the accumulation layer is Ϸ8 ϫ 10 13 molecules/ cm 2 , or Ϸ10 water molecules/ carrier. Even at lower relative humidity, e.g., 30%, the accumulation layer contains nearly equal numbers of water molecules and carriers.
The number of water molecules absorbed in PQT-12 films under humidified atmospheres is large relative to the number of charge carriers under operation, thus they are likely to interact strongly with the charged polymer molecules in the film. The presence of water both decreases the field-effect mobility and increases the rate constant of carrier trapping. While the water molecules can affect the molecular packing in the films, even without such an effect they can stabilize the holes in the material and reduce their ability to hop from chain to chain, thus reducing their mobility. It has been suggested that dipolar disorder in polymeric dielectrics can reduce mobility of carriers and it is possible that randomly distributed water molecules in the semiconducting layer could exert a similar effect. 17 The observed increase in rate constant for the formation of bipolarons is consistent with the speculation that the water molecules stabilize the charged species in PQT-12; the presence of water should reduce the barrier to the formation of bipolaron traps by reducing the Coulomb barrier caused by the approach of two positively charged species. While we cannot rule out structural changes in the PQT-12 films by absorption of moisture, it is likely that electrostatic interactions with the carriers are a substantial contributor to the change in electrical characteristics.
This study suggests that a range of measurement times is required to interpret the effects of environmental impurities on polymer TFTs. Exclusion of water from TFTs will be required in applications, such as displays, to prevent an increased rate of bias stress that will degrade the performance of the backplane. These studies have only examined the effects of moisture on short-term operation; long-term studies are required to determine the absolute stability of these semiconducting polymers to chemical damage under operation.
